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Abstract
In e
+
e
 
collisions at centre-of-mass energies around 91 GeV, D
0
mesons have been recon-
structed using data collected with the OPAL detector at LEP. The hadronisation fraction has
been measured to be
f(c!D
0
) = 0:218  0:054  0:045  0:007 ;
where the errors correspond to the statistical and systematic errors specic to this analysis,
and to systematic uncertainties from externally measured branching fractions, respectively.
Together with previous OPAL measurements of the hadronisation fractions of other charmed
mesons, this value is used to investigate the relative production of observed vector and pseu-
doscalar charmed mesons in Z
0
!cc decays. The production ratio is determined to be
P
e
V
= V=(V +P ) = 0:57  0:05 :
The relative primary production of vector and pseudoscalar mesons, P
prim
V
, is studied in the
context of the production and decay of orbitally excited charmed resonances. The rst mea-
surement of the inclusive D
+
s
production rate in hadronic Z
0
decays is presented.
(Submitted to Eur. Phys. J. C)
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1 Introduction
A meson with no orbital angular momentum can be a vector (V ) state with spin 1 or a pseu-
doscalar (P ) state with spin 0. Their relative production P
V
=V=(V +P ) is sensitive to non-
perturbative eects in the hadronisation process and cannot be calculated exactly. However,
several models [1] have been proposed which predict this ratio. A simple spin counting pic-
ture, where the abundance of a particular state is proportional to its number of spin degrees of
freedom
1
, predicts a value of P
V
=0:75 when only vector and pseudoscalar meson production are
considered. More sophisticated models take into account the mass dierence between vector
and pseudoscalar mesons, as well as the masses of the constituent quarks. In general, they
predict P
V
to be less than 0:75.
The situation is complicated by the presence of mesons with non-zero orbital angular mo-
mentum. The observed P
V
ratio thus includes those ground state mesons which have been
produced in decays of the excited states. Experimentally, this eective ratio P
e
V
is easier to
measure. If the production rates of the excited states are known, the primary ratio P
prim
V
,
corrected for any eects from excited states, can be calculated. The LEP accelerator, where
numerous Z
0
! qq decays have been observed between 1989 and 1995, provides a facility to
study the P
V
ratio. Values around P
e
V
0:75 and P
e
V
0:55 have been measured for B meson
production [2] and in the charm sector [3, 4], respectively. In both cases, a model dependent
evaluation suggests the values of P
prim
V
and P
e
V
to be similar [5]. For light mesons, P
e
V
has
been estimated to be between 0:4 and 0:5 [6]. This paper focuses on a study of both P
e
V
and
P
prim
V
for charmed meson production.
In the charm system, measurements of D
0
, D
+
, and D
+
production in Z
0
!cc decays have
been used in the previous determinations of P
e
V
[3, 4]. The D
0
meson has so far not been
observed in Z
0
decays, since it only decays via the emission of a photon or a 
0
meson, which
are dicult to reconstruct experimentally. Therefore, the determinations of P
V
values have so
far relied on the assumption of isospin invariance, which suggests equal D
0
and D
+
production
rates.
In this paper, a rst measurement of the hadronisation fraction f(c! D
0
) in Z
0
! cc
decays is presented. The analysis is based on more than 4 million hadronic Z
0
decays recorded
with the OPAL detector at the LEP accelerator in the years 1990 to 1995. The D
0
mesons
are reconstructed in the decay channels D
0
! D
0
 and D
0
! D
0

0
. The same techniques
are applied in the D
+
s
 nal state for the reconstruction of D
+
s
mesons, which at LEP have
only been observed in leptonic D
+
s
decays [7]. The f(c!D
0
) measurement is used to test the
assumption of isospin invariance. Together with previously published OPAL measurements of
the other charmed non-strange pseudoscalar and vector mesons [8, 9], a value of P
e
V
is derived.
A recent OPAL measurement of the production of excited charmed mesons [10] is used to
investigate the ratio P
prim
V
. A model independent formula for P
prim
V
is derived, and the validity
of a simple spin counting model for the fragmentation process is tested.
The paper is organized as follows: Section 2 contains a brief description of the OPAL detector
1
\Spin counting" in this paper refers to a model where the relative primary production of mesons with the
same quark content and the same orbital angular momentum is given according to the corresponding numbers
of spin degrees of freedom.
4
and the event selection. Section 3 describes the reconstruction of D
0
decays, the selection of
signal candidates, and the background determination. In section 4, the measurement of the
hadronisation fraction f(c!D
0
) and its systematic uncertainties are discussed, while section 5
describes the measurement of D
+
s
production. Section 6 contains a determination of both P
e
V
and P
prim
V
for charmed meson production in Z
0
!cc decays and an interpretation of the results.
2 The OPAL Detector and Event Selection
A complete description of the OPAL detector is given elsewhere [11]. Here, only the components
of importance for this analysis are reviewed. Tracking of charged particles is performed by a
silicon microvertex detector, a vertex detector, a jet chamber, and a set of drift chambers that
measure the coordinate of tracks along the direction of the beam line
2
(z-chambers), positioned
inside a solenoid that provides a uniformmagnetic eld of 0.435 T parallel to the beam direction.
The barrel electromagnetic calorimeter, which covers the polar angle range of j cos j < 0:82,
is mounted outside the magnet coil. It consists of a cylindrical array of 9,440 lead glass blocks of
24.6 radiation lengths thickness pointing approximately to the interaction region. The overall
energy resolution is improved by correcting for the energy lost in showers initiated in the
material in front of the calorimeter. Such showers are detected by thin gas detectors (presampler
detectors) situated in front of the lead glass blocks, and by time-of-ight scintillators located
between the presampler and the magnet coil in the polar angle range j cos j < 0:72. The regions
0:82 < j cos j < 0:98 are covered by the endcap electromagnetic calorimeters with lead glass
blocks oriented parallel to the beam direction. The magnet return yoke is instrumented as a
hadron calorimeter. Four layers of muon chambers are mounted outside the hadron calorimeter.
The criteria for selecting hadronic Z
0
decays are based on reconstructed tracks in the central
detector and on the energy distribution in the calorimeter [12]. Charged particle tracks need
to have at least 20 jet chamber hits, a momentum component in the xy plane of at least
0:15GeV, a total momentum of less than 65GeV, and a distance of closest approach to the
beam axis of less than 5 cm. The hadronic Z
0
event selection eciency of these requirements
is (98:7  0:4)% [9]. Of the events recorded with the OPAL detector between 1990 and 1995,
4:32 million satisfy the event selection criteria. The primary vertex is reconstructed from the
charged tracks in the event and constrained with the known average beam position and the xy
width of the e
+
e
 
collision point.
Samples of simulated hadronic events are used for the determination of selection criteria and
for the calculation of selection eciencies. They have been generated using the JETSET 7:4
Monte Carlo model [13] with parameters tuned to reproduce the OPAL data [14]. The frag-
mentation of heavy quarks is parametrised by the fragmentation function of Peterson et al. [15].
The simulated events are then processed by the detector simulation program [16] and by the
same reconstruction algorithm which is also applied to the data.
2
The OPAL coordinate system is dened with positive z along the electron beam direction and the x axis
horizontal;  and  are the polar and azimuthal angles, respectively.
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3 Reconstruction and Selection of D
0
Candidates
In Z
0
decays, D
0
mesons are dominantly produced in Z
0
!cc events and in the decay of bottom
hadrons. The D
0
mesons are reconstructed in the decaymodes D
0
!D
0
 and D
0
!D
0

0
. The
transition photon or 
0
meson is expected to be dominantly produced in the core of the jet that
contains the D
0
. Thus, for the reconstruction of D
0
!D
0
 decays, a considerable background
level is expected from photons originating in decays of 
0
mesons from other sources, while
the reconstruction of D
0
!D
0

0
decays suers from combinatorial background in the 
0
!
reconstruction. The reconstruction proceeds by rst nding D
0
candidates, which are then
combined with a photon or a 
0
. After a loose preselection, a likelihood method is used for the
nal selection of candidates. In this section, the selection and the background determination
are described.
3.1 Reconstruction of D
0
Mesons, Photons, and 
0
Mesons
Both the preselection for the D
0
, photon, and 
0
reconstruction and the likelihood for the D
0
selection are based on the variables which are explained below.
The decay mode D
0
!K
 

+
is used to reconstruct D
0
mesons. Initially, all possible pairs of
oppositely charged tracks are formed, assigning kaon and pion masses to the tracks. Variables
for the selection of D
0
candidates are:
 the invariant mass m
D
0
and the scaled energy x
D
0
= E
D
0
=E
beam
of the D
0
candidate;
 the cosine of the helicity angle 

measured between the direction of the charged pion in
the D
0
rest frame and the D
0
direction in the laboratory frame;
 the signed probability W
X
as dened in [17] that a given track is compatible with the
particle hypothesis X, based on its specic energy loss and its measured momentum;
 the signed decay length d
xy
in the xy plane dened as the distance between the primary
vertex and the secondary vertex formed by the D
0
decay products; and
 the largest longitudinal momentum p
l
frag
relative to the D
0
ight direction of any track
which is not used in the D
0
reconstruction and whose charge is inconsistent with that
of an accompanying hadron of the D
0
candidate. This variable helps to separate signal
candidates in Z
0
! cc events from background, since in the formation of D
0
mesons
in Z
0
! cc events, there is a correlation between the charge of the primary quark and
that of the fragmentation particle with the highest longitudinal momentum [18]. The
track with the largest longitudinal momentum whose charge is inconsistent with being
the accompanying hadron is expected to be softer for signal than for background.
Contributions from D
+
decays are suppressed by searching for a track that could have been
the pion in a D
+
!D
0

+
decay. The corresponding D
0
candidate is rejected if a track is found
with the correct charge and a mass dierence within 141 MeV < m
D
0

+
 m
D
0
< 152 MeV.
A loose preselection of D
0
candidates is done using the invariant massm
D
0
, the scaled energy
x
D
0
, the helicity angle cos 

, and the particle identication probabilities. The exact cuts are
listed in table 1.
Photons are reconstructed either as showers in the electromagnetic calorimeter, or through
6
conversions  ! e
+
e
 
. For the latter, pairs of oppositely charged tracks are identied as
conversions with the algorithm described in [19]. The z components of the track momenta are
determined in a t to the conversion point to improve the momentum resolution. The total
photon momentum is taken as the sum of both track momenta.
In the barrel region of the electromagnetic calorimeter, photons are identied as described
in [19] by tting electromagnetic showers to energy deposits which are not associated with
any charged particle track. The lateral shower prole is xed to the Monte Carlo expectation,
and the normalisation gives the shower energy. The tted shower energy is then corrected for
losses in the material in front of the calorimeter using information from the presampler and
time-of-ight system. Each of the tted showers is treated as a photon candidate. The photon
momenta are calculated assuming that the photons originated at the primary vertex of the
event.
Any pair of photons (showers or conversions) with an invariant mass between 60 MeV and
280 MeV is considered as a 
0
candidate. The resolution of the 
0
energy is improved by a
constraint to the nominal 
0
mass [20] using a kinematic t [19].
A number of variables similar to those in reference [19] are calculated for each photon and

0
candidate:
 the energy of the photon or 
0
candidate, denoted E

or E

0
, respectively;
 for photon conversions, the signed electron identication probabilitiesW
e
calculated from
the energy loss of the two conversion tracks;
 for showers in the calorimeter, a variable which parametrises how well the tted shower
describes the measured energy distribution in the 9 calorimeter blocks around the tted
shower maximum; and three variables that describe their eective separation from the
closest neighbouring shower and the closest charged track entering the calorimeter.
The following variables are only used in the selection of 
0
mesons:
 the invariant mass of the  system and the opening angle between the two photons; as
well as
 the number of additional photon candidates in a cone around each of the two photon
candidates under consideration. In each case, the opening angle of the cone is twice the
angle between the two photons.
A loose preselection of photons and 
0
candidates is done using the photon or 
0
energy
and the invariant  mass before the constraint to the 
0
mass, as listed in table 1.
To form D
0
candidates, each of the preselected D
0
candidates is in turn combined with
every preselected shower photon or 
0
candidate in the event. Figure 1 shows the distribution
of these D
0
candidates in four of the most powerful selection variables. Tighter requirements
are then applied to further reduce the background level in the D
0
sample. They are based on
the variables listed above and on the total number of D
0
candidates in the hemisphere. For
each variable x
i
, a purity function 
i
(x
i
) is calculated based on the simulation as the ratio of
c!D
0
signal candidates to all candidates:

i
(x
i
) =
signal
(signal + background)
(x
i
) ; (1)
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D0
reconstruction
1:81GeV < m
D
0
< 1:93GeV
0:3 < x
D
0
 0:85 < cos 

< 0:85
W
K
(K) <  1% or + 3% < W
K
(K)
 35% < W

(K) < 0%
W

() <  1% or + 1% < W

()
photon and 
0
reconstruction
800 MeV < E

or 800 MeV < E

0
60 MeV < m

< 280 MeV
Table 1: The preselection cuts for the reconstruction of D
0
candidates. The selection variables
are dened in the text.
and a likelihood is constructed as
L(x
1
; :::; x
n
) =
 
n
Y
i=1

i
(x
i
)
!1
=
n
: (2)
Finally, D
0
candidates are selected using a cut on the likelihood value. This cut has been
chosen such that the statistical error on the result for the hadronisation fraction f(c!D
0
) is
minimised according to an independent sample of simulated events. The distributions of the
likelihood functions L are shown in gure 2 together with the cut values.
In gure 3, the m=m
D
0
 m
D
0
mass dierence distributions of the selected candidates
are shown. The peaks at low mass dierences are due to the signal from D
0
decays. The
background shape is determined from the data as described below in section 3.2. Using this
shape, the D
0
yield is extracted from a t to the mass dierence distributions, which is discussed
in section 4.2.
3.2 Background Determination
Even after applying the likelihood selection, the background level in the samples of D
0
candi-
dates is still high. To minimise the dependence on Monte Carlo modelling, a method has been
developed to determine the shape of the background in the m distributions from the data.
A sample of candidates enriched in background rather than signal is prepared with a method
similar to the one for the signal selection (see section 3.1). The likelihood is modied to select
background candidates from the m
D
0
sideband regions 1:70 GeV < m
D
0
< 1:84 GeV and
1:91 GeV < m
D
0
< 2:00 GeV. The sidebands are chosen to lie close to the signal region so that
the kinematical properties of candidates in the sidebands do not dier signicantly from those
of candidates in the signal region. The modied likelihood function is of the form
L
0
(x
1
; :::; x
n
) =
0
@

0
m
D
0
(m
D
0
)
0
cos 

(cos 

)
Y
x
i
6=m
D
0
;cos 


i
(x
i
)
1
A
1
=
n
; (3)
with the  functions left unchanged for all selection variables except m
D
0
and cos 

. Because
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the original likelihood function L depends on m
D
0
and cos 

, new functions 
0
m
D
0
(m
D
0
) and

0
cos 

(cos 

) have to be introduced such that the shapes of the distributions of the likelihoods
L and L
0
agree for background. In practise, this is done by constructing the 
0
functions for
m
D
0
and cos 

separately, with the same set of values as for the corresponding  function.
For the selection of background candidates, the same cut is placed on L
0
as is on L for signal
candidates.
One of the main requirements for the background selection is that it correctly reproduces
the m shape of true background. If the selection variables m
D
0
and cos 

are assumed
to be uncorrelated with the other selection variables and the mass dierence m, the m
shapes of background candidates from the same source in the signal and background samples
agree by construction. For true background, the correlations between m
D
0
(cos 

) and any
other selection variable have been found in the simulation to be  1% (< 10%), where the
largest correlations are between cos 

and p
l
frag
( 9%) or W

() ( 7%). It has been tested
in the simulation that even with this level of correlations, the background shape is correctly
reproduced for background candidates from the same source.
Background can be classied into candidates where a correctly reconstructed D
0
is combined
with a photon or 
0
that does not come from a D
0
decay and other background, in which the
charged pion and kaon candidates do not come from the same D
0
decay. For these two contri-
butions, the shapes of the m distributions are found to be slightly dierent in the simulation.
As outlined above, it is expected that the background determination procedure yields the cor-
rect background shapes individually for both contributions. However, the background sample
contains fewer candidates with a correctly reconstructed D
0
than the signal sample. This leads
to a small bias in the overall background shape derived from the background selection, which is
taken into account by reweighting this shape according to the sample composition in the signal
and background samples as found in the simulation.
Candidates that pass the cuts on L and also on L
0
are rejected from both the signal and the
background samples. In the simulation, it has been found that this requirement rejects 8% of
the true signal from the signal sample, and 27% of the true signal in the background sample. It
has also been veried that the fraction of candidates removed by this requirement is the same
within errors for the data and the simulation.
Although the background sample is depleted in signal candidates relative to the signal
sample, there is a remaining D
0
signal contamination in the background sample. Typically, the
signal fraction is a factor of 5 smaller (cf. table 2) in the background samples. These candidates
have the eect of reducing the number of signal candidates after background subtraction and
are taken into account by calculating an eective eciency, which is described in the next
section.
3.3 Reconstruction Eciency
The eciencies of the D
0
reconstruction are determined from a Monte Carlo sample which is
statistically independent from the one that has been used for the determination of the likelihood.
In this sample of 6:5 million simulated hadronic events, the numbers of true D
0
mesons that
9
pass the cuts on L are computed. The resulting eciencies in the dierent decay modes are
listed in table 2, separately for Z
0
!cc and Z
0
!b

b events.
As discussed in section 3.2, some D
0
mesons are also contained in the background-enriched
samples. This number is determined from the same set of simulated events, and an eective
eciency is computed from the values given in table 2 that takes into account the relative signal
to background ratio of the background sample that is given in the last column of the table. In
the t to the mass dierence distributions described in section 4.2, these eective eciencies
are used.
decay chain distribution eciency; c!D

eciency; b!D

(
s
b
)
bkg
=(
s
b
)
sig
D
0
!D
0


! K
 

+
m(D
0
; ) (2:88  0:16)% (2:15  0:19)% 0:20  0:03
D
0
!D
0

0

! K
 

+
m
m
(D
0
; )
(D
0
; 
0
)
(1:80  0:10)%
(1:18  0:08)%
(1:01  0:10)%
(1:05  0:10)%
0:20  0:03
0:16  0:01
Table 2: The reconstruction eciencies for a given decay chain in a given mass dierence
distribution as determined from the simulation. Note that D
0
!D
0

0
decays are measured
in both the m(D
0
; ) and m(D
0
; 
0
) distributions. The eciencies are based on candidates
with scaled energies x
D
0
> 0:3. Only statistical errors are listed. The signal to background
ratios (
s
b
)
bkg
in the background samples relative to the ratio (
s
b
)
sig
in the corresponding signal
sample are given in the last column.
4 Measurement of f(c!D
0
)
The dominant sources of D
0
mesons in Z
0
decays are the production in Z
0
!cc events and in
bottom hadron decays. For scaled energies x
D
0
> 0:3, the production of D
0
mesons in gluon
splitting processes g!cc is highly suppressed and will be neglected in the following.
The hadronisation fraction f(c!D
0
) is determined in a t to the m=m
D
0
{m
D
0
distri-
butions of the selected signal and background samples. A simultaneous t is performed to the
m distributions of both D
0
 and D
0

0
candidates. In the t, the contributions from b hadron
decays are subtracted, and the tted signals are corrected for the eciency in Z
0
!cc events. In
this section, the determination of the signal contributions from b hadron decays, the t to the
mass dierence distributions, and systematic uncertainties of the measurement are discussed.
4.1 Subtraction of the Component from b Hadron Decays
The determination of the contribution from Z
0
!b

b events is based on a previous measurement
of D
+
production [9]. Assuming isospin invariance (i. e., equal production of D
0
and D
+
mesons in b hadron decays, as well as equal hadronisation fractions f(b!B
 
)= f(b!B
0
) in
Z
0
! b

b decays), the measured D
+
production rate in Z
0
!b

b events is used as an estimate
of the corresponding D
0
production rate. This is done for scaled energies x
D
0
> 0:3, and the
remaining c!D
0
signal is then extrapolated to the full x
D
0
range.
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Previously, OPAL has measured the production of D
+
mesons in Z
0
! b

b events to be
R
b
f(b!D
+
)Br(D
+
!D
0

+
)Br(D
0
!K
 

+
) = (1:3340:0490:078)10
 3
[9], where R
b
is the partial hadronic decay width of the Z
0
boson into b

b pairs. Using this number and the
branching fraction Br(D
+
!D
0

+
) = 0:683  0:014 [20], the D
+
production rate in Z
0
!b

b
events for x
D
0
>0:3 is calculated to be
  R
b
f(b!D
+
)Br(D
0
!K
 

+
)
x
D
0
>0:3
= (0:980  0:068)  10
 3
: (4)
The error includes both the statistical and systematic errors. The restriction to x
D
0
>0:3 is based
on Monte Carlo simulation and the measured parameters of the b fragmentation function.
This information is used to obtain the number of reconstructed D
0
signal candidates from
b hadron decays, which is then subtracted from the tted signal. Thus, the hadronisation
fraction f(c!D
0
)
x
D
0
>0:3
is determined in the t from
R
c
f(c!D
0
)Br(D
0
!K
 

+
)
x
D
0
>0:3
=
X
X=;
0
N
sig
(D
0
!D
0
X)
2N
had
   Br(D
0
!D
0
X) "
D
0
!D
0
X
b
"
D
0
!D
0
X
c
; (5)
whereR
c
is dened in analogy toR
b
, N
sig
denotes the signal as obtained from the mass dierence
distribution, N
had
is the number of hadronic Z
0
decays analysed, "
c
and "
b
are the eective
eciencies for reconstructing D
0
decays with x
D
0
>0:3 from Z
0
! cc and Z
0
! b

b decays,
respectively, and the sum runs over the two decay modes of the D
0
.
The assumption of equal D
0
and D
+
production in b hadron decays is justied from a
CLEO measurement [21] of
Br(B!D
0
X)
Br(B!D
+
X)
= 1:03  0:14 : (6)
The error on this measurement is taken into account as described in section 4.4.4. Decays
of B
0
and B
 
mesons account for most D
0
mesons from b hadron decays at LEP, since B
0
s
mesons preferentially decay to nal states with a D
+
s
[20], and b baryons are expected to decay
dominantly to nal states with a c baryon.
4.2 The Fit to the Mass Dierence Distributions
The number of reconstructed D
0
decays is determined in a simultaneous t to the mass dif-
ference distributions of the selected signal and background samples in the two decay modes
D
0
!D
0
 and D
0
!D
0

0
.
Two signal peaks are visible in the mass dierence distribution of D
0
 candidates, which is
shown in gure 3a. The peak at the nominal D
0
 D
0
mass dierence of 142 MeV [20] is due
to D
0
!D
0
 decays, whereas the one at lower m values is from D
0
!D
0

0
decays, where
only one photon from the 
0
decay is combined with the D
0
candidate.
In the mass dierence distribution of D
0

0
candidates, the signal from D
0
!D
0

0
decays
is expected around the nominal mass dierence. Additional contributions are expected from
D
0
!D
0
 and D
0
!D
0

0
decays, where only one of the two photons from the 
0
decay is
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used. In both cases, an unrelated photon candidate is added to form a 
0
candidate. In the
simulation, both contributions have been found to be broad and very similar in shape to the
overall background. Therefore, they are not explicitly accounted for.
In both mass distributions, the signal is parametrised with a functional form, while the
background shape is determined from the background sample as decribed in section 3.2, with
its normalisation determined in the t. A sum of two Gaussians is used as signal parametrisation
for the m distribution of D
0
 candidates (see gure 3c and d) in order to accomodate the
contributions from both D
0
!D
0
 and D
0
!D
0

0
decays. The mean values of the Gaussians
are xed to 145 MeV (D
0
!D
0
) and 80 MeV (D
0
!D
0

0
) as determined from the simulation,
and the widths are allowed to vary. For D
0

0
candidates, a modied Gaussian of the form
dn
d(m)


m m

0

exp
0
@
 
1
2
 
m m

0

!
2
1
A
; m > m

0
(7)
is taken as the signal parametrisation (see gure 3g and h) to account for threshold eects.
Here, m

0
denotes the nominal 
0
mass [20], and the parameter  and the normalisation are
determined in the t. In the simulation, such a function has been found to parametrise the
distribution of D
0

0
signal candidates well.
The hadronisation fraction f(c!D
0
) is determined from a simultaneous t to both m
distributions, with the constraint that the eciency corrected number of D
0
! D
0

0
de-
cays be the same whether determined from the peak at lower m values in the m(D
0
; )
distribution or from the m(D
0
; 
0
) distribution. Also, the eciency corrected numbers
for the two D
0
decay channels are xed to the world average value of the branching ratio
Br(D
0
!D
0
)=Br(D
0
!D
0

0
) = 0:616  0:076 [20], and it is assumed that these two decay
modes saturate the D
0
width. The contribution from bottom hadron decays, which is derived
from an earlier OPAL measurement as described in section 4.1, is subtracted in the t.
The t results are illustrated in gure 3, where the obtained signal parametrisations are
shown together with the background subtracted mass dierence distributions. The combined
t for the D
0
measurement has a 
2
of 61:6 for 69 degrees of freedom. The hadronisation
fraction f(c! D
0
)
x
D
0
>0:3
is extrapolated to the full range of scaled energies x
D
0
using the
simulation; it is found to be
R
c
f(c!D
0
)Br(D
0
!K
 

+
) = (1:44  0:36)10
 3
; (8)
where the error is statistical.
4.3 Consistency Checks
A number of consistency checks has been performed, in particular to test the sensitivity of the
result to the background subtraction procedure. Monte Carlo simulation has been used to check
that the procedure as outlined in section 3.2 accurately describes the shape of the background
in the signal sample. Also, it has been veried that the shape is not sensitive to the specic
choice of 
0
functions. The background determination is sensitive to correlations between m
D
0
or cos 

and any other selection variable. Any correlation seen in the data is well reproduced
in the simulation. Finally, the analysis has been repeated on the simulation, and the generated
rates are reproduced within the statistical errors.
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For all selections, the likelihood cut has been varied and the analysis repeated. The ranges
of cut values correspond to relative changes in eciency of about 50%. The variations have
been found to be consistent with statistical uctuations.
In the t, the ratio Br(D
0
! D
0
)=Br(D
0
! D
0

0
) is xed to its world average value
of 0:616  0:076 [20]. If instead, it is allowed to vary, a value of Br(D
0
! D
0
)=Br(D
0
!
D
0

0
) = 0:39  0:17 (stat:) is found, which is consistent with the world average. The resulting
hadronisation fraction f(c!D
0
) changes by  7:5%.
4.4 Systematic Uncertainties
Systematic uncertainties are related to the modelling of the selection variables, the detector
resolution, the procedure used to subtract the background, the determination of the b!D
0
contribution to the measured signal, and to the extrapolation to the full range of scaled energies
x
D
0
. In the following sections, each of these categories is discussed in turn. The relative values
of all errors are listed in table 3.
4.4.1 Uncertainties from the Modelling of Selection Variables
Possible dierences between distributions in data and simulation could inuence the eciencies
and the background determination. These eects are studied separately for each selection
variable. The resulting systematic errors are assumed to be uncorrelated and are therefore
added in quadrature.
Two principal methods are used to determine systematic uncertainties in the modelling of
a selection variable:
(A) Variables for which the distributions of signal candidates are measured are treated by
reweighting the events in the Monte Carlo simulation such that for the weighted events, the
simulated signal distribution agrees with the measured one. Using the likelihood given in
equation (2), the background determination and the t are then repeated and the original result
is corrected according to the observed dierence; the uncertainty in the dierence is interpreted
as a systematic error. This method takes correlations between the selection variables into
account to the extent that in the case of non-zero correlations, the reweighting of events alters
also the distribution of any variable that is correlated with the one variable in question. This
procedure is applied
 to the invariant mass distribution of D
0
candidates,
 to the Peterson et al. fragmentation parameters which have been varied in the ranges
corresponding to mean scaled energies of D
0
mesons in Z
0
! cc decays of 0:506 <
hx(D
0
)i
Z
0
!cc!D

< 0:531 and of weakly decaying b hadrons in Z
0
! b

b decays of
0:702 < hx(X
b
)i
Z
0
!b

b!X
b
< 0:730 [22], respectively,
 to the lifetime of D
0
mesons, which has been varied within 
D
0
= (0:415  0:004) ps [20],
 to the distributions of energies E

and E

0
, where the simulated events are reweighted
such that the helicity angle distributions in D
0
!D
0
 and D
0
!D
0

0
decays agree with
the measured D
+
spin alignment in Z
0
! cc events (the spin density matrix element is

00
= 0:40  0:02 [23]),
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relative statistical error 24:9%
relative systematic errors:
modelling of selection variables:
D
0
mass resolution 1:3%
hx(D

)i
Z
0
!cc!D
0
3:9%
hx(X
b
)i
Z
0
!b

b!X
b
3:0%
D
0
lifetime 0:8%
D
0
spin alignment 0:3%
eective shower isolation 9:7%
photon pair opening angle 2:8%
number of 
0
candidates 0:2%
number of D
0
candidates 1:3%
dE/dx 3:6%
dE/dx preselection cuts 3:1%
fragmentation tracks 2:7%
shower t 5:9%
detector resolution:
tracking resolution 6:4%
calorimeter energy scale and resolution 1:7%
t procedure:
background normalisation 3:4%
Br(D
0
!D
0
)=Br(D
0
!D
0

0
) 2:0%
background shape 5:5%
contributions from other D
0
decays 0:4%
contributions from D
+
and D
+
s
decays 1:4%
b subtraction and extrapolation:
subtraction of the b!D
0
contribution 12:2%
extrapolation to x
D
0
= 0 1:2%
total relative systematic error 20:9%
Table 3: A breakdown of the relative statistical and systematic errors on the hadronisation
fraction f(c!D
0
).
 to the eective separation of a shower from the closest other shower in the electromagnetic
calorimeter,
 to the opening angle of a pair of photons, and
 to the numbers of reconstructed 
0
and D
0
candidates.
The last three of the above variables depend on the event topology. For these variables, possible
deviations between data and simulation aect the signal and the background in the same way.
The simulated events are therefore reweighted such that the distributions of all candidates in
data and simulation agree. The analysis is then repeated, and the observed dierence in the t
result is treated as a systematic error.
(B) The second method is used for the remaining selection variables, which are
 the track probabilities calculated from dE/dx information,
 the largest longitudinal momentum of fragmentation tracks inconsistent with being an
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accompanying hadron, and
 the goodness of the shower t.
The corresponding function 
i
(x
i
) is set to its maximumvalue for one variable x
i
at a time. The
resulting modied likelihood functions L
i
and L
0
i
are independent of that particular variable
x
i
, so using these functions instead of the original likelihoods removes any possible bias due
to the simulation of x
i
. The selection of the signal and background D
0
candidate samples is
repeated with these modied likelihoods. By construction, these samples also contain those
candidates selected with the original likelihoods L and L
0
. The ratio of the t results obtained
with the original (L;L
0
) and the modied (L
i
;L
0
i
) likelihoods is calculated for the data and
the simulation, where the statistical correlation between the samples is taken into account.
The relative dierence of these ratios is interpreted as the systematic error associated with
the variable x
i
. In the case of the signed particle identication probabilities, the cuts for the
preselection of charged kaons and pions (see section 3.1) are retained in order to obtain a clear
signal. In reference [8], an error of 3:1% has been determined for these cuts in the D
0
selection.
This error is included as an additional systematic uncertainty.
4.4.2 Uncertainties in the Detector Resolution
Tracking resolution:
Uncertainties in the modelling of the central detector are assessed by repeating the analysis
with the tracking resolutions varied by 10% around the values that describe the data best.
The redetermined eciencies are compared with the original ones, and the relative dierence
is interpreted as a systematic error.
Calorimeter energy scale and resolution:
The energy scale and resolution of the electromagnetic calorimeter and the multiplicity and
resolution in the time-of-ight scintillators are treated analogously. The reconstructed 
0
mass
distribution has been used to determine the corresponding resolution and scaling parameters.
Thus, width and position of the 
0
mass peak are well reproduced in the simulation [19], and
any possible bias is accomodated by the variation of the detector resolution.
4.4.3 Uncertainties in the Fit Procedure
Background normalisation:
To check the determination of the background normalisation, the t to the mass dierence
distributions has been repeated with the range restricted to values of m(D
0
; )<0:4 GeV
and m(D
0
; 
0
)<0:2 GeV. Deviations from the previous results were interpreted as systematic
errors.
D
0
branching ratio:
The t to the m(D
0
; ) and m(D
0
; 
0
) distributions is constrained to the world average of
the branching ratio Br(D
0
!D
0
)=Br(D
0
!D
0

0
) = 0:616  0:076 [20]. The t is repeated
with this ratio varied within its errors, and the observed dierence is taken as a systematic
error.
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Background shape:
Background candidates with a correctly reconstructed D
0
lead to a bias in the m distribution,
which is taken into account in the background subtraction as outlined in section 3.2. The
analysis has been repeated without correcting for this bias, and half the dierence from the
original result is assigned as a systematic error.
The origin of background candidates has been studied in the simulation, and no other source
for a bias of the background shape has been identied. In particular, it has been checked that
the contribution from photons or 
0
mesons from D

, B

, and B

decays is small and does
not exhibit a pronounced structure.
Contributions from other D
0
decays:
In the simulation, the contribution to the signal sample of D
0
candidates from D
0
mesons not
decaying to K
 

+
was found to be 5:9%. This contribution is accounted for in the eciency
determination. However, mismodelling of the branching fractions for these other decay modes
can introduce a potential bias in the D
0
measurement. The corresponding systematic error is
evaluated assuming relative contributions of other decay modes as in [9] and assigning errors
according to the errors on the branching fractions as given in [20].
Contributions from D
+
and D
+
s
decays:
In the reconstruction of D
0
decays, there are contributions from D
+
and D
+
s
mesons, which
can also decay via  or 
0
emission. In principle, these decays can lead to a signal in the m
distributions similar to that to be measured. However, it has been found in the simulation
that the relative contribution from D
+
and D
+
s
decays to the selected signal and background
samples is approximately equal. A small correction is applied to account for residual eects,
and half this correction is assigned as a systematic error.
It has been checked that the statistical correlation between the D
0
!D
0

0
signals in the
m(D
0
; 
0
) and m(D
0
; ) distributions is negligible. Also, there is only a negligible fraction
of cases where both photons from a D
0
! D
0

0
decay lead to an entry in the m(D
0
; )
distribution.
4.4.4 Uncertainties from the b Subtraction and the Extrapolation
Subtraction of the b!D
0
contribution:
As mentioned in section 4.1, it is assumed that the production of D
0
and D
+
mesons in
b hadron decays is equal for scaled energies x
D
0
>0:3. The error on the production of D
+
mesons in Z
0
! b

b decays as given in equation (4) is taken into account. In addition, the
production of D
0
mesons in B
0
and B
 
meson decays is varied within the range of the CLEO
measurement given in equation (6) to assess the systematic error due to this assumption. At
LEP, B
0
and B
 
mesons account for (75:6  4:4)% of all weakly decaying b hadrons [20]. To
evaluate the production of D
0
mesons in decays of other bottom hadrons, the world average of
Br(B
0
or B
 
!D
+
X) = (23:13:3)% [20] is compared with the recent OPAL measurement of
R
b
f(b!D
+
)Br(D
+
!D
0

+
)Br(D
0
!K
 

+
) = (1:334 0:049 0:078) 10
 3
[9]. From the
branching fractions as given in [20], the production of D
+
mesons in B
0
s
and 
b
decays is then
found to be Br(B
0
s
or 
b
!D
+
X) = 0:25  0:13. Assuming equal D
0
and D
+
production in
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B0
s
and 
b
decays, this leads to R
b
f(b!B
0
s
or 
b
!D
0
X) = 0:013. A 100% error is assigned
to this quantity.
Extrapolation to x
D
0
= 0:
The extrapolation of the measured quantityR
c
f(c!D
0
)Br(D
0
!K
 

+
)
x
D
0
>0:3
from x
D
0
>0:3
to the full range of scaled energies is based on the fragmentation function of Peterson et al. [15].
To assess the uncertainty associated with this extrapolation, it is repeated with mean scaled
energies of D
0
mesons from Z
0
! cc decays varied in the range given in section 4.4.1. The
dierence from the previous result is interpreted as a systematic error.
4.5 Results of the D
0
Measurement
The production of D
0
mesons in Z
0
!cc events is measured to be
R
c
f(c!D
0
)Br(D
0
!K
 

+
) = (1:44  0:36 (stat:) 0:30 (syst:))10
 3
: (9)
From this value, from the branching fraction Br(D
0
!K
 

+
) = (3:83  0:12)% [20], and from
the standard model prediction of R
c
= 0:172 [24], the hadronisation fraction f(c! D
0
) is
computed to be
f(c!D
0
) = 0:218  0:054 (stat:) 0:045 (syst:) 0:007 (ext:): (10)
Here, the last error corresponds to the error on the D
0
branching fraction.
5 Measurement of D
+
s
Production
The decays of D
+
s
mesons are very simliar to those of D
0
mesons. The techniques developed
for the D
0
analysis can therefore be used for the reconstruction of D
+
s
mesons.
The D
+
s
meson decays dominantly to the D
+
s
 nal state, since the D
+
s

0
channel is sup-
pressed by isospin invariance: Br(D
+
s
! D
+
s

0
)=Br(D
+
s
! D
+
s
) = 0:062
+0:020
 0:018
 0:022 [25].
Thus, for the measurement of the production rate, only the D
+
s
!D
+
s
 decay is used. The
D
+
s
mesons are reconstructed in their decay chain D
+
s
! 
+
, ! K
+
K
 
. Candidates with
invariant masses m

<1:05 GeV and 1:90 GeV<m
D
+
s
<2:04 GeV, a scaled energy of x
D
+
s
>0:35,
and a helicity angle of the pion in the D
+
s
rest frame satisfying  0:90<cos 

<0:95 are retained
if the dE/dx requirements stated in section 3.1 are fullled for the kaon and pion candidate
tracks. The preselection of photons is identical to that described in section 3.1.
The D
+
s
candidates are selected with a cut on a likelihood using the variables described in
section 3.1 accordingly, and taking the reconstructed mass of the  and the cosine of the angle
between the D
+
s
and one of the kaons in the  rest frame as additional inputs. The background
shape is determined from candidates in sidebands of m

and m
D
+
s
using the technique described
in section 3.2. The resulting mass dierence distribution is shown in gure 4.
No attempt is made to separate the contributions from the processes c!D
+
s
and b!D
+
s
.
However, the eciencies for D
+
s
reconstruction in Z
0
!cc and Z
0
!b

b events have been found
to be equal within errors. Thus, it is still reasonable to extract the overall D
+
s
production in
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Z0
decays from a t to the m(D
+
s
; ) distribution. No isospin violating decays D
+
s
!D
+
s

0
have been generated in the simulation; in the data, a small contribution from such decays is
expected at m values below the nominal D
+
s
{D
+
s
mass dierence as shown in gure 4c. A
double Gaussian is used to parametrise the signal, where the Gaussian at lower m is xed
to the expectation and varied by 100% in case of the data. The number of D
+
s
mesons per
hadronic Z
0
decay with x
D
+
s
>0:35 is found to be
n(Z
0
!D
+
s
)Br(D
+
s
!D
+
s
)Br(D
+
s
!
+
)Br(!K
+
K
 
)
x
D
+
s
>0:35
= (7:1 1:9 1:7) 10
 4
;
(11)
where the rst error is statistical and the second systematic. The t to the data has a 
2
of
37:1 for 43 degrees of freedom.
The contributions to the systematic error were evaluated in a similar way as described
earlier. Table 4 lists the most important errors. The largest systematic error on the value in
equation (11) is introduced from the uncertainty in the background shape. The background
sample is taken from a sideband in m

, and a correction has to be applied to account for the
fact that fewer correctly reconstructed !K
+
K
 
decays enter the background than the signal
sample. When the t is repeated with the same signal parametrisation plus an exponential to
account for potential problems in the modelling of this bias, a consistent result is found. The
deviation from the previous result is interpreted as systematic error. No other sources have
been identied that could lead to a signicant bias in the background shape.
relative statistical error 27:4%
relative systematic errors:
extrapolation to x
D
+
s
=0 (19:6%)
background shape 11:8%
tracking resolution 8:5%
D
+
s
lifetime 8:5%
eective shower isolation 8:1%
shower t 6:9%
dE/dx preselection cuts 6:4%
hx(X
b
)i
Z
0
!b

b!X
b
6:2%
others (evaluation similar to the D
0
) 9:5%
total relative systematic error
23:8%
(30:8%)
Table 4: A breakdown of the relative statistical and dominant systematic errors on the D
+
s
measurement. The errors in brackets apply only when considering the value which has been
extrapolated to all scaled energies x
D
+
s
.
The above D
+
s
measurement is extrapolated to the full range of scaled energies x
D
+
s
. Here, a
large systematic uncertainty is introduced from the unknown relative contribution from c!D
+
s
and b!D
+
s
components. When varying the unknown ratio f(b!D
+
s
)=f(b!D
+
s
) within
0:6  0:2, one nds the total rate
n(Z
0
!D
+
s
)Br(D
+
s
!D
+
s
)Br(D
+
s
!
+
)Br(!K
+
K
 
)
= (1:69  0:46  0:40  0:33) 10
 3
;
(12)
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where the third error is introduced from the extrapolation to the full range of scaled energies.
This rate is consistent with expectations and can be regarded as a further cross-check of the
D
0
analysis, which uses very similar techniques.
6 The Relative Production Rate of Charmed Vector
Mesons in Z
0
!cc Decays
The relative production rate of vector mesons containing the primary quark, P
V
, is an important
parameter in fragmentation and hadronisation models. Hadrons that contain the primary quark
can in principle be produced either directly or in decays of higher resonances. Therefore, there
are two possible denitions of P
V
: the quantity P
e
V
, where inclusive production (including
decays of higher resonances) is considered, and P
prim
V
, which is dened when considering direct
production only. These two values may dier due to the eects of decays of higher resonances,
where some decays are forbidden by spin and parity conservation.
In previous investigations of P
V
in the charm system [3, 4, 5], isospin invariance between
the neutral and charged non-strange vector mesons was assumed. Given the measurement of
the hadronisation fraction f(c!D
0
) presented in the rst part of this paper, an explicit check
of this assumption is now possible.
Recently, a measurement of the spin alignment of D
+
mesons in Z
0
! cc decays has been
presented [23]. While P
V
denotes the relative production of vector and pseudoscalar mesons,
spin alignment measurements provide information on the relative production of dierent vector
meson spin states. Thus, the combination of these two measurements provides further insight
into the inclusive production of charmed mesons in the fragmentation process [3].
In the rst part of this section, the existing OPAL measurements of the production of
charmed mesons with no orbital angular momentum are used to derive a value of P
e
V
, which
is interpreted in conjunction with the D
+
spin alignment.
In the second part, additional input from excited D states is used to derive P
prim
V
. This
quantity can be comparedmore directly to model calculations, since such models generally make
predictions for primary hadron production. However, a determination of P
prim
V
is experimentally
challenging because of the diculties in assessing the fraction of hadrons produced in decays
of higher resonances. In this paper, the production of L=1 mesons is taken into account, while
production and decay of higher states is considered a part of the fragmentation process. For
each of the light avours u, d, and s, four charmed mesons with orbital angular momentumL=1
are predicted. The naming convention is D
()
J
, where J denotes the total spin of the meson, and
an asterisk indicates that the meson has parity ( 1)
J
. In the following, these are collectively
referred to as D

mesons. Using the recent OPAL measurements of the hadronisation fractions
f(c!D
0
1
), f(c!D
0
2
), and f(c!D
+
s1
) [10], decays of D

mesons can be taken into account
to study the P
prim
V
ratio. First, the dependence of P
prim
V
on the production of the unmeasured
L=1 resonances is discussed, and a model independent formula for the calculation of P
prim
V
is
derived. Second, the production of the unmeasured L=1 resonances is assessed in a simple spin
counting picture.
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The following discussions are based on the f(c!D
0
) measurement described in the rst
part of this paper and on previous OPAL measurements of charmed meson hadronisation frac-
tions. Table 5 contains an overview of the values entering the following computations.
charmed meson production; OPAL measurements value and reference
R
c
f(c!D
0
) Br(D
0
!K
 

+
) (1:44  0:36 0:30)10
 3
(section 4:5)
R
c
f(c!D
+
) Br(D
+
!D
0

+
)Br(D
0
!K
 

+
) (1:041  0:020  0:040)  10
 3
[9]
R
c
f(c!D
0
) Br(D
0
!K
 

+
) (0:389  0:027
+0:026
 0:024
) 10
 2
[8]
R
c
f(c!D
+
) Br(D
+
!K
 

+

+
) (0:358  0:046
+0:025
 0:031
) 10
 2
[8]
R
c
f(c!D
0
1
or D
0
2
) Br(D
0
1
or D
0
2
!D
+

 
) (4:2 1:1
+0:5
 0:7
+0:2
 0:3
) 10
 3
[10]
f(c!D
0
1
!D
+

 
)
f(c!D
0
1
!D
+

 
)+f(c!D
0
2
!D
+

 
)
0:56  0:15
+0:03
 0:04
[10]
R
c
f(c!D
+
s1
) (2:8
+0:8
 0:7
 0:3 0:4) 10
 3
[10]
branching fractions and ratios value and reference
Br(D
0
!K
 

+
) 0:0383  0:0012 [20]
Br(D
+
!K
 

+

+
)=Br(D
0
!K
 

+
) 2:35  0:16 0:16 [26]
Br(D
+
!D
0

+
) 0:683  0:014 [20]
Br(D

2
!D

)
Br(D

2
!D

)+Br(D

2
!D)
 Br(D

2
!D

) 0:311  0:051 [20]
Br(D
+
s2
!D

K)
Br(D
+
s2
!D

K)+Br(D
+
s2
!DK)
 Br(D
+
s2
!D

K) 0:107  0:016 [10; 27; 28]
assumption on relative D

meson production in a spin counting model
f(c!D
0
0
) : f(c!D
00
1
) : f(c!D
0
1
) : f(c!D
0
2
)
f(c!D
+
s0
) : f(c!D
0+
s1
) :f(c!D
+
s1
) : f(c!D
+
s2
)
)
1 : 3 : 3 : 5
Table 5: The measurements and assumptions entering the computation of P
V
values.
6.1 Tests of Isospin Invariance
Isospin invariance suggests equal primary production rates for corresponding cu and c

d mesons.
Thus, the hadronisation fractions f(c!D
0
) and f(c!D
+
) are expected to be the same, as
long as decays of higher resonances contribute equally to both D
0
and D
+
production. For
the vector mesons D
0
and D
+
, isospin invariance can therefore be tested directly from the D
0
and D
+
production rate measurements and the branching fraction Br(D
+
!D
0

+
) as listed
in table 5, resulting in a ratio of
f(c!D
0
)
f(c!D
+
)
= 0:94  0:31 ; (13)
consistent with 1.
Since D
0
!D
+

 
decays are kinematically forbidden while D
+
!D
0

+
decays are not,
the observed hadronisation fractions of D
0
and D
+
mesons are expected to dier even if the
primary production rates are equal. When taking into account these D
+
decays and assuming
isospin invariance between D
0
and D
+
mesons, the ratio
R 
f(c!D
0
)  f(c!D
+
)
f(c!D
0
) +

2Br(D
+
!D
0

+
)  1

f(c!D
+
)
(14)
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is expected to be equal to one. From the values given in table 5, one obtains R = 1:19  0:36,
consistent with 1. Under the assumption of equal hadronisation fractions f(c!D
0
) = f(c!
D
+
), other experiments [4] have obtained values consistent with this result.
With isospin invariance thus conrmed within experimental errors, the hadronisation frac-
tions of D
0
and D
+
mesons are assumed to be equal in the following. The mean D
0=+
hadronisation fraction is then dened as the weighted average of the values of f(c!D
0=+
) de-
termined from equation (14) and from the direct measurements of f(c!D
0
) and f(c!D
+
).
The resulting value of
R
c
f(c!D
0=+
)Br(D
+
!D
0

+
)Br(D
0
!K
 

+
) = (1:045  0:044)  10
 3
(15)
is used in the computation of P
V
in the following sections.
6.2 Eective Charmed Meson Production
The eective value P
e
V
is calculated from the mean D
0=+
hadronisation fraction derived in the
previous section and the measurements listed in table 5 to be
P
e
V
=
2f(c!D
0=+
)
f(c!D
0
) + f(c!D
+
)
= 0:57 0:05 : (16)
Here, the assumption has been made that isospin invariance is valid, as tested in the previous
section. If, instead, the measured hadronisation fractions are directly combined without the as-
sumption of isospin invariance for D
0
and D
+
production, a value of P
e
V
=
f(c!D
0
)+f(c!D
+
)
f(c!D
0
)+f(c!D
+
)
=
0:55  0:10 is obtained. In principle, the measurements are expected to be correlated. The
largest correlation is expected between f(c!D
0
) and f(c!D
+
) and has been estimated to
be smaller than 30%. This introduces a systematic error on P
e
V
of less than 0:01.
The result from equation (16) can be interpreted in connection with the D

spin alignment.
In the fragmentation process, four dierent spin states of charmed mesons without orbital
excitation can be formed: The vector mesons D
0
, D
+
, and D
+
s
with states J = 1 and
m =  1; 0;+1, as well as the pseudoscalar mesons D
0
, D
+
, and D
+
s
with J = m = 0. The
relative inclusive production probabilities P for these states are related to P
e
V
and to the spin
density matrix element 
00
of D

mesons from Z
0
!cc events via [3, 29]
P
e
V
= P
m=0
J=1
+ P
m=1
J=1
and

00
= P
m=0
J=1
=(P
m=0
J=1
+ P
m=1
J=1
) :
(17)
Here, P
m=1
J=1
denotes the sum of the production probabilities for the m = +1 and m =  1
states that cannot be distinguished experimentally. The spin density matrix element 
00
gives
the probability to nd a vector meson in the m = 0 state. A simple spin counting model
suggests values of P
m=1
J=1
=
1
2
and P
m=0
J=1
= P
m=0
J=0
=
1
4
(see for instance [29]).
For D
+
mesons from Z
0
!cc decays with scaled energies x
D
+
>0:2, 
00
has been measured
at OPAL to be 
00
= 0:40  0:02 [23]. From this result and the above value of P
e
V
, the
production probabilities
P
m=0
J=1
= 
00
P
e
V
= 0:23  0:02 ;
P
m=1
J=1
= (1  
00
)P
e
V
= 0:34  0:03 ; and (18)
P
m=0
J=0
= 1   P
e
V
= 0:43  0:05
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can be derived, where it has been assumed that the measured spin density matrix element 
00
applies to both D
0
and D
+
mesons in Z
0
!cc events.
These probabilities show a clear deviation from the simple spin counting picture. The
production of vector mesons is suppressed in favour of pseudoscalar mesons. This is mostly
due to a suppression of the m=1 vector states, while the production of the J=1, m=0 state
agrees within errors with a spin counting picture.
An overall suppression of vector meson production is, for instance, expected in thermody-
namic models, where the constituents of hadrons are pictured as a gas with a temperature T ,
such that a relative suppression of the heavier states by a factor of exp( m=T ) is predicted.
From the above value of P
e
V
, the temperature is calculated to be T =

174
+62
 36

MeV, con-
sistent with the value determined in [30]. It should be noted, however, that thermodynamic
models fail to explain the observed non-zero spin alignment.
6.3 Primary Charmed Meson Production
For the determination of P
prim
V
, the eects of the decays of L=1 charmed mesons have to be
taken into account. The hadronisation fractions f(c!D
0
1
), f(c!D
0
2
), and f(c!D
+
s1
) have
been measured at LEP, whereas the production of the broad resonances D

0
and D
0
1
has not
yet been measured. Since the charged D
+
mesons have not yet been observed in Z
0
decays,
isospin invariance is assumed to be valid in charm fragmentation to assess the production of
these resonances, which implies equal hadronisation fractions for corresponding D
+
and D
0
states. Furthermore, it is assumed in the following that for D

mesons, the relative production
of the dierent spin states does not depend on the light quark avour.
The ratio P
prim
V
can be expressed as a function of two unmeasured hadronisation fractions,
f(c!D
0
0
) and f(c!D
00
1
), and two known parameters A and B which depend on the measure-
ments listed in table 5:
P
prim
V
=
A R
c
f(c!D
00
1
)
B  R
c
[f(c!D
0
0
) + f(c!D
00
1
)]
: (19)
The complete derivation and the exact formulae for A and B are given in appendix A. The
parameters A and B are found to be
A = (2:29  0:34)  10
 2
and
B = (3:82  0:89)  10
 2
;
(20)
with a positive correlation between A and B of 77%.
In gure 5, the results for P
prim
V
are shown as a function of the two unknown hadronisation
fractions. In general, low values of P
prim
V
are obtained for small D

0
and large D
0
1
production and
vice versa. This analysis shows that the value of P
prim
V
is not very sensitive to the production of
the unmeasured broad D

resonances. Generally, the range of P
prim
V
values is consistent with
predictions. However, to test a given model, a clearer statement can be made when following
the procedure outlined below.
In contrast to the above discussion, a test of any specic fragmentation model can be
performed when using its prediction for the relative primary production of the dierent L=0
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and L=1 states. While the prediction for the L=0 states is directly equivalent to a prediction
of P
prim
V
, the model prediction in the L=1 sector provides information on the production of
the unmeasured L=1 resonances, which can in turn be used in conjunction with the measured
hadronisation fractions to obtain an experimental value of P
prim
V
. Such a test is described in
the following for the simplest case, a spin counting model.
A spin counting model predicts the relative primary production of D and D

mesons to be
1 : 3. At the same time, for D

mesons, the relative production of the D

0
: D
0
1
: D
1
: D

2
resonances is predicted to be 1 : 3 : 3 : 5. When using the latter prediction, P
prim
V
is found to
be
P
prim
V
(spin counting for D

) = 0:55  0:08 : (21)
However, since the validity of spin counting was assumed in the calculation, the value of P
prim
V
is xed and should be 0:75. Thus, from the discrepancy between the above value and 0:75, the
simultanous description of both L=0 and L=1 charmed meson production in a spin counting
picture is disfavoured by 2:7 standard deviations. Within the framework of this model test,
the relative production of the four D

spin states need not be taken from experiment, since
it is predicted by the model. Thus, the experimental error on the model test is reduced as
compared to the model independent values shown in gure 5. As mentioned above, the value
in equation (21) is part of a consistency check of a specic model and should not be interpreted
as a stand-alone measurement.
In principle, a comparison of the hadronisation fractions f(c!D
+
s
) and f(c!D
+
s
) yields
a model independent measurement of P
prim
V
. However, the result from section 5 cannot be
interpreted in terms of vector and pseudoscalar meson production in charm hadronisation,
since no information on the separation of the c!D
+
s
and b!D
+
s
components exists.
7 Summary and Conclusion
A rst measurement of the hadronisation fraction f(c!D
0
) in Z
0
!cc decays is presented:
f(c!D
0
) = 0:218  0:054 (stat:) 0:045 (syst:) 0:007 (ext:) :
This result is consistent with the expectation from isospin invariance. The production rate of
D
+
s
mesons in hadronic Z
0
decays has been measured for the rst time:
n(Z
0
!D
+
s
)Br(D
+
s
!D
+
s
)Br(D
+
s
!
+
)Br(!K
+
K
 
)
= (1:69  0:46 (stat:) 0:52 (syst:)) 10
 3
:
The relative production of vector charmed mesons in Z
0
! cc events, P
V
, is evaluated
both considering inclusive production (P
e
V
) and taking into account the eects of secondary
production in D

decays (P
prim
V
). A value of
P
e
V
= 0:57  0:05
has been derived from OPAL measurements, consistent with previous results. The dependence
of P
prim
V
on the unmeasured D

multiplicities is determined in a model independent calculation,
where a weak dependence on the production of the unmeasured broad D

resonances has been
found. From the determination of P
prim
V
, it is found that for the description of the production
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of charmed mesons in Z
0
! cc decays, a simple spin counting picture is disfavoured by 2:7
standard deviations.
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A Model Independent Calculation of P
prim
V
In this appendix, details of the calculations that lead to the dependence of the model indepen-
dent value of P
prim
V
on the production of the broad L=1 charmed mesons (equation (19)) are
provided.
As discussed in the text, the contributions from decays of D

mesons have to be taken into
account when calculating P
prim
V
. Two assumptions are made on D

production:
 Since D
+
mesons have not yet been observed in Z
0
! cc decays, isospin invariance is
assumed to be valid which yields equal production rates for corresponding D
0
and D
+
spin states.
 For each light quark avour q=u,d,s, two broad and two narrow L=1 cq mesons are
predicted. For the cu system, both narrow resonances (D
0
1
and D
0
2
) have been measured
at OPAL, whereas only one narrow cs resonance (D
+
s1
) has been measured. Thus, the
additional assumption is made that the relative production of the dierent L=1 spin
states does not depend on the avour of the light quark.
Under these two assumptions, the production of any L=1 charmed meson can be expressed in
terms of measured rates and two unknown parameters, f(c!D
0
0
) and f(c!D
00
1
).
The OPAL D
+
s1
production measurement [10] assumes a 100% branching for D
+
s1
!D
()
K
decays (i. e. to non-strange, charmed non-orbitally excited mesons). Therefore, any contribution
from D
+
s
! D
()+
s
X decays is implicitly taken into account when using the measured D
+
s1
multiplicity for an evaluation of P
prim
V
.
The quantity P
prim
V
is calculated as follows:
P
prim
V
=
V
prim
V
prim
+ P
prim
(22)
=
V
e
 

T
(s)
!V

(V + P )
e
 

T
(s)
!V or P

; (23)
where in the above formula, V and P stand for non-strange charmed vector and pseudoscalar
mesons, respectively, whereas T
(s)
denotes the sum of non-strange and strange charmed tensor
mesons (D

and D

s
). Thus,
P
prim
V
=
2f(c!D
+
)  2f(c!D
0
!D
0=+
)  f(c!D
+
s
!D
0=+
)
f(c!D
0
) + f(c!D
+
)  2f(c!D
0
)  f(c!D
+
s
)
; (24)
where the factors of 2 are introduced from the assumptions f(c! D
0
) = f(c! D
+
) and
f(c!D
0
) = f(c!D
+
).
The symbol f(c!D

!D
0=+
) is a shorthand notation for the hadronisation fraction of a
charmed quark to a D

meson times the fraction of D

mesons decaying to a D
0=+
. Spin and
parity conservation restrict the possible decays of the dierent D

spin states, as is illustrated
in table 6, where a summary of predictions and measurements [20] for the four D
0
spin states
is given. Thus, the fraction of D

mesons decaying to a D
0=+
depends both on the relative
production of the dierent D

spin states and on the branching ratio Br(D

2
!D
0=+
), since
for the D

2
resonance, decays to both D

and D are allowed. Due to phase-space eects, the
branching fraction Br

s
 Br(D
+
s2
! D
0=+
) of D
+
s2
mesons to a D
0
or D
+
is expected to
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dier from the corresponding quantity Br

 Br(D
0
2
!D
0=+
) for non-strange D

mesons,
see table 5.
name D
0
0
D
00
1
D
0
1
D
0
2
j = s
q
+ L (1=2)
+
(3=2)
+
decay S-wave D-wave
spin-parity J
P
0
+
1
+
1
+
2
+
decay channels D D

 D

 D, D


width (MeV) [20]  100  100 18:9
4:6
3:5
23 5
mass (MeV) [20] (not observed) 2422:2  1:8 2458:9  2:0
Table 6: Properties of the neutral, non-strange excited D mesons. For the decay channels, the
same restrictions as shown here apply to D
+
and D
+
s
mesons, where in the case of D
+
s
decays, pions have to be replaced by kaons.
Using the shorthand notation f
D
X
 f(c ! D
X
), equation (19) can then be derived as
follows:
P
prim
V
=
2f
D

  2

f
D
00
1
+ f
D
0
1
+Br

f
D
0
2

 
f
D
+
s1
f
D
0
1

f
D
00
1
+ f
D
0
1
+Br

s
f
D
0
2

f
D
0
+ f
D
+
  2

f
D
0
0
+ f
D
00
1
+ f
D
0
1
+ f
D
0
2

 
f
D
+
s1
f
D
0
1

f
D
0
0
+ f
D
00
1
+ f
D
0
1
+ f
D
0
2

(25)
=:
A R
c
f
D
00
1
B  R
c

f
D
00
1
+ f
D
0
0

;
where in the transition to the second line, both numerator and denominator are multiplied by
a factor of R
c
=

2 +
f(c!D
+
s
)
f(c!D
0
)

. The parameters A and B are then given by
A = R
c
h
2 f(c!D
0=+
)  2

f(c!D
0
1
) + f(c!D
0
2
!D
0=+
)

 

f(c!D
+
s1
) + f(c!D
+
s2
!D
0=+
)
i
=
"
2 +
f(c!D
+
s
)
f(c!D
0
)
#
and (26)
B  R
c
h
f(c!D
0
) + f(c!D
+
)  2

f(c!D
0
1
) + f(c!D
0
2
)

 
f(c!D
+
s
)
f(c!D
0
)

f(c!D
+
s1
) + f(c!D
+
s2
)

#
=
"
2 +
f(c!D
+
s
)
f(c!D
0
)
#
; (27)
respectively.
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Figure 1: The distributions of the four D
0
selection variables m
D
0
, cos 

, E

and E

0
are
shown for all preselected candidates. In each case, points with error bars correspond to the
data and the open histogram to the simulation, scaled to the same number of entries. In gures
(a) and (b), the contribution from D
0
candidates with a correctly reconstructed D
0
!K
 

+
decay is shown as the hatched area. The cross-hatched areas in gures (c) and (d) correspond
to 10 times the contribution of correctly reconstructed photons or 
0
mesons from a D
0
decay.
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Figure 2: The distributions of the likelihood functions L for the two D
0
decay channels.
Points with error bars represent the data and open histograms the simulation, scaled to the
same number of entries. The hatched histograms show candidates in the simulation with a
correctly identied photon or 
0
from a D
0
decay; for candidates entering the cross-hatched
histogram, the D
0
!K
 

+
decay is also correctly reconstructed. The vertical lines represent
the cuts on the likelihood functions. No scale is given for the likelihood values since only the
relative position of the cut is relevant.
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Figure 3: The m(D
0
; ) and m(D
0
; 
0
) mass dierence distributions in the data and the
simulation.
In (a), (b), (e), and (f), the distributions obtained in the signal selection procedure are shown as
solid histograms, and those obtained in the background selection procedure as points with error
bars, where the relative normalisation of the latter distribution has been determined in the t.
In addition, the hatched histograms show the distributions of signal candidates reconstructed
in the simulation with the signal selection procedure.
In (c), (d), (g), and (h), the corresponding background subtracted distributions are shown
together with the t results; the error bars show the statistical errors only.
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Figure 4: The mass dierence distribution for the decay D
+
s
! D
+
s
. As before, in (a) and
(b), the solid histogram corresponds to the signal sample, and points with error bars to the
background sample. The signal contribution in the simulation is indicated by the hatched his-
togram.
The corresponding background subtracted distributions are shown in (c) and (d) together with
the tted signal parametrisation. The shaded Gaussian in gure (c) shows the expected con-
tribution from D
+
s
!D
+
s

0
decays which is xed in the t.
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Figure 5: The dependence of P
prim
V
on the two unmeasured multiplicities R
c
 f(c!D
0
0
) and
R
c
 f(c!D
00
1
) is shown in gure (a). Each of these quantities is varied between 0 and twice
the value as expected from a spin counting picture. Plots (b) and (c) show the dependence on
each one of these multiplicities when the other is xed at the spin counting expectation. The
error contours correspond to one standard deviation. They include the experimental error on
the relative production of D
0
1
and D
0
2
mesons as measured in [10].
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